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a  b  s  t  r  a  c  t

In the  present  work  we  show  the  results  of  the  investigation  of  the  properties  of bismuth  nanoparticles
(NPs)  obtained  by  the  laser  ablation  in water.  The  samples  were  characterized  by  various  techniques:
UV/vis  spectroscopy,  dynamic  light scattering,  transmission  electron  microscopy,  X-ray  photoelectron
spectroscopy,  X-ray  diffraction,  nuclear  magnetic  resonance  and  zeta  potential.  The  NPs  were  metallic
eywords:
ismuth
anoparticles
aser ablation
ysteine

and  surface  oxidated,  exhibiting  absorption  peak  at 257  nm  due  to  the  surface  plasmon  resonance.  The
interaction  between  the  NPs  and  various  amino  acids  was  studied  and  revealed  a selective  sensibility  to
cysteine  on  a range  of concentration  from  80  to  720 �M, which  we attribute  to  a  dimerization  of  cysteine
to  cystine  probably  complexed  to  the  nanoparticle  surface  by electrostatic  interactions,  leading  to the
modification  of the  NP  absorption  spectrum.

© 2014  Elsevier  B.V.  All  rights  reserved.
. Introduction
Metal and semimetal nanoparticles (NPs) have attracted great
ttention due to their unique physical properties that are strongly
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dependent on its size and shape [1,2]. One of the most promising
applications is on the area of medical biology. As for example, there
is a recent effort on the search for the application of Au NPs as
contrasting agent in X-ray imaging [3].

Usually the production of these nanostructures is based on

chemical routes that lead to the contamination of the NPs with the
chemical reagents [4], which is undesirable for many applications.
There are however several alternative ways for the obtainment
of such nanoscaled structures. Among them, the laser ablation
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echnique is particularly convenient due to its simplicity and to
he purity of the colloid and the NPs themselves, despite the fact
hat by chemical routes the control of the NPs constitution and
izes is more effective [4–6].

Au NPs have been actually considered for biomedical applica-
ions. For instance, no toxicity was observed in Au-containing NPs
or biomedical applications [7,8], and the toxicity of Au is some-
imes related to unclean production methods. Another possible
andidate for biomedical applications is Bi, due to its low cost and
ow toxicity [9]. In particular, strictly on the technical aspect, Bi has
nteresting electrical properties due to a highly anisotropic Fermi
urface, such as a small effective electron mass and long Fermi
avelength [10]. These properties lead to fascinating phenomena

elated to finite-size effects as the semimetal–semiconductor tran-
ition in scales of size around 60 nm [10–12]. Despite the formation
f NPs during laser ablation involves a convergence of a series of
omplex phenomena [13], we expect that the low melting point of
he Bi will give rise to a high nanoparticles production rate when
ompared with other metals.

One of the problems on the production of metallic NPs is their
oalescence in a broad size distribution [14–16]. However, the size
f the coalescences is drastically reduced when the ablation is
one in aqueous solution of surfactants, which cover the particles

ust after their ablation and thus prevent further agglomeration
17–19]. Mafuné et al. [20–22] report the reduction of size distri-
ution for Au, Ag and Pt NPs with sodium dodecyl sulfate (SDS)
oncentration, resulting in a micelle-water system (two phases).

Recently, Compagnini et al. obtained Au NPs in non-
queous media by laser ablation in a series of alkanes and
lkane–alkanethiol, with control of size and shapes [14,23], pro-
iding the stabilization of the colloid and preventing post-ablation
gglomeration. The size of the clusters tend to reduce with the
ncrease of thiol concentration. Dodecanethiol-decane solution
eads to single crystalline, well separated NPs, while the ablation
n pure decane leads to grain boundaries, suggesting a particle
gglomeration. The formation of strong dative bonds S-Au limits
he particle growth, and the organic alkyl shell prevents agglomer-
tion and stabilizes the colloid.

A very significant effect that emerges on the context of metal-
ic NPs is the surface-enhanced Raman scattering (SERS) [24],

hich is characterized by the enhancement of the Raman scat-
ering cross-section by a factor up to 1014 when Raman-active

olecules are adsorbed on the surface of metallic nanostructures
ith plasmonic properties. SERS originates from the enhancement

f the local electromagnetic and from charge-transfer processes
etween the molecule and the metal substrate. The large inten-
ity of SERS signals enables exploit them in labeling. SERS labels
ave been used for bioanalytical applications or in vitro/in vivo

maging, like isolated or aggregated gold and silver nanostructures,
lso with potential for photothermal therapy in the near-infrared
pectral window. Recently Amendola and Meneghetti [24] studied
he differential Raman scattering cross-section (DRS) of SERS labels
ased on noble-metal nanoparticles loaded with Raman-active
olecules. They verified that proper choice of the Raman reporter

nd nanoparticle size can enhance the DRS by several orders of
agnitude.
On the present work a series of Bi NPs were produced in col-

oidal form by the laser ablation technique of Bi targets in water
edium, and their structural and optical properties were studied.

he interaction of the Bi NPs with seventeen different amino acids
as studied with the aim of to verify a possible interaction owing

o either chemical or biomedical applications.

This work is organized as follows. In Section 2, the details of the

xperimental setups are described. Section 3 presents the results
nd the discussions. Finally, the final section contains the conclu-
ions of the work.
ochem. Eng. Aspects 457 (2014) 368–373 369

2. Experimental

Bi NPs were produced by laser ablation of 99.999% purity Bi pel-
lets produced by Sigma–Aldrich, with the fundamental harmonic of
a Nd:YAG laser (1064 nm)  operating at 1.5 kHz with 1.0 mJ  pulses of
200 ns. The ablation was  performed on pellets immersed on bidis-
tilled water (4.0 mL)  on a Petri dish. The average distance from the
top surface of the targets to the surface of the water was around
2 mm  and the laser beam was  focused on the surface of the target
with a 50 mm convergent lens. The total ablation time was  set to
exactly 2 min, and the arbitrary choice of this time relies on the
practical observation that this was  sufficient to give dark brown
color to the resulting colloid and that further ablation seemed not
to modify substantially the characteristics of the colloid.

The Bi NPs were characterized by UV–visible-NIR absorption
spectroscopy, dynamic light scattering (DLS), X-ray diffraction
(XRD), transmission electron microscopy (TEM), selected area elec-
tron diffraction (SAED), X-ray photoelectron spectroscopy (XPS),
nuclear magnetic resonance (NMR) and zeta potential.

UV–vis spectra were obtained with an Ocean-Optics USB 2000+
from 200 nm to 1000 nm with resolution of 2 nm. DLS mea-
surements were done with a Microtrac Nanotrac Ultra. XRD
diffractograms were obtained on the Bragg-Brentano � − 2� geom-
etry with a Shimadzu XRD-7000 diffractometer with the Cu K˛

line. The samples were prepared through the centrifugation during
8 min  at 9000 rpm of 9.0 mL  of the colloid equally distributed on
six eppendorfs. Approximately 20 �L of the colloid was extracted
from the bottom of each recipient and deposited on a glass substrate
for immediate measurements with the sample still wet. The TEM
and the SAED images were collected with a JEOL JEM 1200EX-II
electron microscope, operating with a W filament with acceler-
ating tension of 120 kV. The preparation of samples for TEM and
SAED consisted on the dilution of the colloids in water at 1:10
volume ratio, sequentially deposited with a micropipette (20 �L)
on carbon coated Cu grid sample holders. For XPS measurements
it was added a solution of SDS (sodium dodecyl sulphate) to the
colloid in order to stabilize the solution avoiding the formation of
NPs aggregates during the drying process. XPS measurements were
performed using a VG Microtech ESCA3000 spectometer. The zeta
potential measurements were performed with a NanoBrook Zeta-
PALS. NMR  experiments were acquired at 303 K in H2O containing
drops of D2O on a Bruker AVANCE III HD 600 NMR  spectrometer
operating at 14.1 T, observing 1H and 13C at 600.13 and 150.90 MHz,
respectively. The spectrometer was equipped with 5-mm quadrin-
uclear inverse detection probe with z-gradient. The 1H spectra was
acquired on a spectral width of ∼ 11 ppm, while one-bond (HSQC)
and long-range (HMBC) 1H–13C NMR  correlation experiments were
optimized for average coupling constants 1J(H,C) and LRJ(H,C) of 140
and 8 Hz, respectively. All 1H and 13C NMR  chemical shifts were
observed in ppm related to TMSP-d4 signal at 0.00 ppm as internal
reference.

3. Results and discussion

3.1. Bi NPs in pure water

First of all, we will present the results of the investigation of
Bi NPs on water. In sequence, we will present the analysis of the
interaction of the NPs with the different amino acids.

The most immediate characteristic of the samples is their low
stability. The dark brown color gives place apparently to a trans-

parent medium with floculated structures within about two days.
Owing to this fact we  studied the stabilization of the colloid adding
1 mg/mL  of SDS, a procedure that was especially convenient on the
sample preparation for XPS measurements.
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Fig. 3. XRD diffractogram of the Bi NPs.
Fig. 1. TEM image of the Bi NPs. The inset shows the SAED pattern of the sample.

In Fig. 1 it is presented the TEM image of Bi NPs on a magnifica-
ion scale of 40,000×.  The inset shows the SAED diffraction pattern.
he inspection of the TEM image reveals that the NPs are approx-
mately spherical with a large dispersion on the size distribution,
nd from the analysis of the SAED pattern we inspect that the NPs
re constituted of Bi in metallic form.

The DLS measurements reveals, as can be seen on the plot
f Fig. 2, a slightly asymmetric distribution with an average size
round 70 nm,  and a dispersion in size of a 80 nm FWHM.

The XRD diffractogram is shown in Fig. 3. It can be clearly seen
hree narrow peaks that are characteristic of metallic Bi, revealing

 degree of crystallinity and apparently the absence of oxidized
hases. The overall diffractogram also presents a wide peak cen-
ered on about 25 degrees and a FWHM of about 10 degrees,
ttributed to the scattering by the water and the glass substrate.

Fig. 4 presents the absorption spectrum of the colloid on the
V–vis-NIR region. The spectrum is characterized by a single peak
t 257 nm with a broad band extended up to around 1000 nm.  The
57 nm peak is associated to the surface plasmon resonance, as
ncountered on the literature [25,26]. Starting at about 950 nm

t can be seen an accentuated decrease of the absorption, which
oints to the existence of a wide peak, which was attributed to the
etal–semiconductor transition [25].

Fig. 2. Size distribution of the Bi NPs obtained by DLS measurements.
Fig. 4. UV–visible–near infrared absorption spectrum of NPs in water colloid.

In Fig. 5 it is presented the XPS spectrum. The analysis of this
spectrum reveals that the Bi NPs are actually surface oxidized, a
fact that could not be verified on XRD and SAED measurements
which were not sufficiently sensitive to give such information. The
presence of the oxidized phase Bi2O3 is pointed by the appearance

of a peak at 158.9 eV, as is well-known in the literature [27].

Fig. 5. XPS spectrum of the Bi NPs in water colloid.
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Fig. 6. Photograph of a series of eppendorfs with Bi NPs in water with 3.5 mM of
different amino acids. From the left to the right: (a) pure colloid; (b) leucine; (c)
valine; (d) tyrosine; (e) phenylalanine; (f) histidine; (g) glycine; (h)isoleucine; (i)
aspartic acid; (j) metionine; (k) threonine; (l) serine; (m)  glutamic acid; (n) arginine;
(o) asparagine; (p) glutamine; (q) proline and (r) cysteine.
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Fig. 8. Photograph of a series of eppendorfs with Bi NPs in water with concentrations
of  cysteine varying from 80 �M to 800 �M:  (a) pure colloid; (b) 80 �M;  (c) 160 �M;
(d) 240 �M; (e) 320 �M;  (f) 400 �M;  (g) 480 �M;  (h) 560 �M; (i) 640 �M;  (j) 720 �M
and  (k) 800 �M.

a monotonic decreasing behavior. This remarkable characteristic
reveals that the colloid can be used as an efficient chemical indica-
tor of this amino acid, owing especially to the fact that a calibration
process can be suitably applied on the regions of wavelength where
ig. 7. Photograph of a series of eppendorfs with Bi NPs in water with different
oncentrations of cysteine.

.2. Bi NPs in water with different amino acids

In Fig. 6 it is shown a photograph of a series of different sam-
les with the same concentration of Bi NPs with the addition of
.0 mM of seventeen different amino acids: leucine, valine, tyro-
ine, phenylalanine, histidine, glycine, isoleucine, aspartic acid,
etionine, threonine, serine, glutamic acid, arginine, asparagine,

lutamine, proline and cysteine. The addition of any of these amino
cids preserve the original color of the produced colloid, except for
he case of cysteine, which changed the appearance to transparent
n a few seconds. Another feature of the sample with cysteine was
ts remarkable stability, preserved by undetermined time.1 On the
ther side, all the other samples including the pure colloid loose
heir characteristics about the same period of two  days. This points
o the fact that cysteine has an important role on the stabilization of
he colloid, probably due to a kind of chemical interaction between
he amino acid and the NPs.

In Fig. 7 it is presented the photograph of a series of samples as
 function of the concentration of cysteine. The inspection reveals
mmediately the abrupt change of appearance of the colloid for con-
entrations above 88.5 �M to the transparent solution yet visible
t 885 �M.  In order to verify more exactly the onset of the transi-
ion of physical appearance, we repeated the process studying the
henomenon on this range of concentrations and the result is pre-
ented on the photograph of Fig. 8. On this figure it can be seen a
radual transition of appearance.

Fig. 9 shows a series of absorption spectra for the samples shown

n Fig. 8 and the spectrum of pure cysteine. The characteristic broad
bsorption spectrum of the pure colloid yet presented in Fig. 4 suf-
ers a gradual decrease of intensity on its high wavelength region

1 Samples of Bi NPs with cysteine produced half a year ago yet preserve the same
ppearance.
Fig. 9. UV–visible–near infrared absorption spectrum of Bi NPs in solution with
different concentration of cysteine.

with the increase of the cysteine concentration, up to a final state (at
about the concentration of ∼700 �M)  when the spectrum is charac-
terized by a pair of peaks. Note that the signal of the surface plasmon
remains unaltered. The remarkable dropping of the high wave-
length band is further explored in Fig. 10. This figure was obtained
from Fig. 9 from the single traces of the absorption as a function of
the cysteine concentration for fixed values of the wavelength. This
figure shows clearly that in the studied range of wavelengths the
variation of the total absorption is almost insensitive to the cys-
teine concentration for either high or low wavelengths, while on
the intermediary region the change in absorption shows typically
Fig. 10. Optical absorption of the Bi NPs in function of the cysteine concentration
at  various wavelengths.
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Fig. 12. TEM image of the Bi NPs with addition of cysteine. The inset shows the SAED
pattern of the sample.

Table 1
Zeta potential of the Bi NPs with various cysteine concentrations.

Cysteine concentration (�M) Zeta potential (mV)

0 39.37 ± 0.70

We  thank to the CME  (Centro de Microscopia Eletrônica da
ig. 11. 1H NMR  spectra (4.1–2.8 ppm) showing the conversion of cysteine to cystine
atalyzed by Bi NPs.

n approximate linear behavior (or a low degree polynomial) can
e interpolated.

In order to understand the chemical underlying mechanism
nvolving the interaction between Bi NPs and cysteine, a series of
H NMR  measurements has been performed, by adding increasing
mounts of cysteine to a solution containing Bi NPs (Fig. 11). The
MR  analysis revealed that the Bi NPs has the ability to readily
xide cysteine to cystine, until the system saturation. This found
s supported by cystine signals emerging in the 1H NMR  spectra
Fig. 11), replacing those of cysteine [28]. After this, the excess of
ysteine remains unreacted, although with different NMR  chemical
hift as those in pure cysteine, probably due to the new environ-
ent (Fig. 11). The presence of unreacted cysteine was supported

y one-bond and long-range 1H–13C correlation from HSQC and
MBC NMR  experiments, which showed identical 13C NMR  chemi-
al shift to those of cysteine described in the literature. In the same
ay, the 1H–13C NMR  correlation experiments permitted to obtain

he cystine 13C NMR  chemical shifts, which were identical to those
escribed in the literature [28]. This is a natural process that, in this
ase, is catalyzed by Bi NPs. The chemical process of dimerization of
ysteine involves the loss of two sulfanyl protons and two electrons,
orming a disulfide bond between two cysteine molecules.

Fig. 12 shows the TEM images with 80 k× magnification and the
AED pattern (inset) of the samples of Bi NPs with addition of cys-
eine. During the realization of the TEM, we noted that these NPs,
nlikely those in pure water, were located only around the metal-

ic regions of the sample holder and believe that this was caused
y accumulation of electrostatic charge resultant of the interaction
ith the cystine. A careful analysis of this image reveals that some
anoparticles show a more irregular shape with a slightly lighter
utline. We  attribute this subtle fact to the possible complexation
f cystine via electrostatic interaction around the NPs. The SAED

attern shows spots related with the metallic Bi. This result is sim-

lar to the obtained with the samples in pure water and this reveals
hat the NPs structure remains unchanged.
2.6  13.56 ± 1.13
22  −16.35 ± 1.78

To investigate the process of electrostatic charging of the
nanoparticles surface, we performed zeta potential measurements.
These results are shown in Table 1.

As can be seen in Table 1, the zeta potential � of the colloid
decreases with the increase of the cysteine concentration, and
changes the signal between the concentrations 2.6 �M and 22 �M.
As is well known, large values of the absolute value of the zeta
potential reflects high stability of the colloid. Despite this fact, we
stress the remarking fact that the higher absolute value of � corre-
sponds to the pure colloid without the addition of cysteine, which
is the more unstable solution. We  believe that in the present case
the reduction of the � potential does not reflect the actual stability
of the colloid since the dimerization of cysteine on cystine impacts
on a change of the bare charge of the NPs, which suffers a gradual
change of the signal as the cysteine is added to the colloid.

4. Conclusions

As a conclusion we  investigated the properties of Bi NPs pro-
duced by the laser ablation technique in water and their affinity
with a variety of amino acids. We  verified that the stability and the
appearance of the colloid is remarkably influenced as cysteine is
added.

The change in color of the colloid points to a practical application
of the colloid as a selective indicator for cysteine. Our  results show
that it is possible to determine the concentration at a wide range of
concentrations of this amino acid at least on the range from 80 �M
to 720 �M through the measurement of the absorption spectrum.
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